Conventional theory predicts that ultrahigh lattice thermal conductivity can only occur in crystals composed of strongly bonded light elements, and that it is limited by anharmonic three-phonon processes. We report experimental evidence that departs from these long-held criteria. We measured a local room-temperature thermal conductivity exceeding 1000 watts per meter-kelvin and an average bulk value reaching 900 watts per meter-kelvin in bulk boron arsenide (BAs) crystals, where boron and arsenic are light and heavy elements, respectively. The high values are consistent with a proposal for phonon-band engineering and can only be explained by higher-order phonon processes. These findings yield insight into the physics of heat conduction in solids and show BAs to be the only known semiconductor with ultrahigh thermal conductivity.
M aterials with high thermal conductivity (k) can help to address a range of grand technological challenges, such as keeping nanoelectronic devices cool by removing the high-density heat generated within them. At room temperature (RT), diamond and graphite, the two carbon allotrope bulk crystals, have a record high k of about 2000 W/m·K (1) (2) (3) (4) . However, high-quality natural diamond is scarce and expensive. Although future technological advances may help to alleviate the cost of highquality synthetic diamond, the large mismatch in the coefficient of thermal expansion between diamond and common semiconductors can introduce large thermal stresses. The k of graphite, moreover, is highly anisotropic, with the crossplane value being two orders of magnitude smaller than the corresponding in-plane value (1) . The thermal anisotropy and the weak interlayer bonding have limited the use of graphite for thermal management. In addition, the large bandgap of diamond and semimetallic behavior of graphite prevent their use as active electronic materials. Common electronic materials such as copper and silicon have a RT k of about 400 and 150 W/m·K, respectively (1) , which are well below the diamond value. The highest measured RT k values for semiconductors are about 490 W/m·K in silicon carbide (5) and 460 W/m·K in boron phosphide (6) . Although these values are comparable to the highest electronic contribution to k in metals, it is desirable to discover semiconductors with values of k comparable to the ultrahigh value for diamond.
In semiconductors and nonmagnetic insulators, the thermal conductivity is dominated by the phonon contribution. Thermal conductivity is typically limited by the lowest-order process arising from the anharmonicity of the interatomic potential, three-phonon scattering, at and above RT (7) . According to the criteria established by Slack about half a century ago (2) , only crystals composed of strongly bonded light elements should exhibit ultrahigh k. However, Lindsay, Broido, and Reinecke recently proposed that ultrahigh k could be achieved in compounds that combine a light and a heavy atom if (i) the frequency gap between heat-carrying acoustic phonons and optic phonons is sufficiently large and (ii) some of the acoustic phonons with different polarizations have regions of similar frequencies away from the Brillouin zone center. First-principles calculations supported this phonon-band engineering concept in predicting that cubic boron arsenide (BAs) should have a RT k of around 2000 W/m·K when only threephonon interaction is considered (8, 9) . Subsequent theoretical calculations found that four-phonon scattering would lower the calculated RT k in BAs to about 1400 W/m·K (10), which is still exceptionally high, but surprising, because three-phonon scattering accurately describes the measured k data for many semiconductors and insulators, and higher-order processes are expected to be weak at RT.
Synthesis of high-quality BAs bulk crystals has proved challenging, which has prevented experimental verification of the unusual predicted transport properties. Several measurements have captured RT k values of only 200 to 350 W/m·K in small BAs particles (11) (12) (13) . The inability to measure an ultrahigh k for BAs has limited adoption of the phonon-band engineering strategy as a viable route for achieving ultrahigh k, and the possibility of higher-order phonon processes suppressing k has remained.
We report experimental evidence that validates the phonon-band engineering route. We grew BAs bulk crystals from seed microparticles in a chemical vapor transport (CVT) process. Local measurements of low-defect regions obtained a RT k exceeding 1000 W/m·K, whereas multiple local and bulk transport measurement methods yielded average RT k values of about 800 and 900 W/m·K for two bulk crystal samples. The bulk crystal has a high k despite twin boundaries and other defects known to decrease k. Both the peak and average k values show a rapid decrease with increasing temperature, which is a signature of lattice anharmonicity. This behavior agrees with our detailed first-principles theoretical model that included both three-and four-phonon interactions. Previously reported efforts to synthesize BAs yielded only particles with maximum dimensions less than about 500 mm (11-13). Because bulk-size crystals are required for device applications, we investigated a seeded CVT growth mechanism for the synthesis of bulk BAs crystals. In this approach, we used small single BAs crystals with a lateral dimension of a few micrometers as seeds to ensure that the nucleation centers were sparse and under control during the growth process (13, 14) . We optimized seed-crystal quality and distribution to obtain BAs crystals as large as about 4 mm by 2 mm by 1 mm within a 14-day period of seed growth followed by another 14-day period of crystal growth from the chosen seed crystals (15). This increased crystal size allowed us to use transport measurement techniques established for bulk samples. Increasing the growth time would increase the crystal size. To probe the crystal structure of the BAs, we obtained an aberration-corrected, annular darkfield scanning transmission electron microscopy (STEM) image (Fig. 1A) and a low-magnification bright-field TEM image (Fig. 1B) of representative crystals. We found planar defects (Fig. 1B) that were mirror twin boundaries (Fig. 1, C to E) .
We discovered unusually high but nonuniformly distributed k in these BAs crystals by using timeand frequency-domain thermoreflectance (TDTR and FDTR) techniques with micrometer resolution (16) (17) (18) . We used a large 58-mm-diameter pump laser spot and a small 9-mm-diameter probe laser spot in conjunction with a relatively low modulation frequency of 3 MHz to improve the TDTR measurement accuracy (15). For both the pump beam and probe beam, the diameter quoted here is the 1/e 2 diameter of the Gaussian beam. We used the same TDTR platform and parameters to measure the k of a synthetic diamond crystal ( Figs. 2A and 3) . . Also shown are the fits to measured steady-state and TDTR k for BAs (blue and red solid lines, respectively) and reported measured k for GaN (21) and GaAs (22) (magenta and purple triangles, respectively). The error bars for the TDTR and FDTR data represent one standard deviation and were obtained via Monte Carlo simulations and derivative matrix-based analysis of uncertainty propagation, respectively (15).The error bars for the steady-state and lock-in Raman measurements were calculated by propagating random errors at 95% confidence and combining them with systematic errors (15). 
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BAs κ 3+4 10 single-spot TDTR measurements on sample 2, RT k values ranged from 790 ± 100 to 450 ± 60 W/m·K. We found a sharp decrease in k as temperature increased to 500 K at the location on sample 1 where we found our maximum k (Fig. 3) . We found the same behavior at a location on sample 2 with a RT k of 740 ± 110 W/m·K (Fig. 3) . This temperature behavior is consistent with dominant anharmonic phonon-phonon scattering. At the same sample 1 spot where our TDTR measurements yielded the highest k, our single-spot FDTR measurements obtained a k of 1310 ± 740 W/m·K, where the large uncertainty is due to the use of a small 3.36-mmdiameter pump beam and 2.60-mm-diameter probe spot to measure the high-k region (19) . We observed no spot-size dependence of k when we increased the pump and probe laser spot sizes to 5.60 and 4.80 mm, respectively.
The increased size of the bulk BAs crystals allowed us to make steady-state comparative measurements of the bulk k (Fig. 4A) (15) . Without accounting for the contact thermal resistance errors between the thermocouples and the sample, we obtained a k of 770 ± 100 W/m·K at 305 K on a 0.1 mm by 0.2 mm by 2 mm bar cut from sample 3. The thermal conductivity increased with deceasing temperature. In comparison, we obtained an average value of 820 ± 140 W/m·K with FDTR at 14 locations on another piece cut from sample 3 (Fig. 3) . We addressed the uncertainty due to contact resistance by using a lock-in Raman thermometry approach with a sinusoidally modulated heating current at a low modulation frequency (u) of about 1 mHz (15). A fast Fourier transform of the measured Raman peak shift shows clear modulation at the second harmonic frequency corresponding to the Joule heating frequency (Fig. 4B) , which we used to measure the temperature drops along the Si and BAs bars (Fig. 4A) . The Raman measurements obtained similar temperature gradients as the thermocouple measurements in both silicon and BAs (Fig. 4C ) and a k of 690 ± 120 W/m·K at 338 K (Fig. 3) . On samples 4 ( fig. S19B ) (15) and 5 ( Fig. 3) , we used the steady-state method to measure a bulk k at 300 K of 570 ± 70 and 920 ± 120 W/m·K, respectively, and found a similar temperature dependence as for samples 1 to 3.
The measurement results agree with firstprinciples calculations of the k of BAs, including both three-and four-phonon scattering, scattering of phonons by the natural boron isotope mix, and phonon scattering by point defects and grain boundaries. Although the k of most high-quality insulating crystals is well described by lowest-order three-phonon scattering, in BAs, the phase space for three-phonon scattering is unusually small (8) . We show that four-phonon scattering is necessary to accurately capture the intrinsic k of BAs (10) . We implemented several changes in our calculation from that of Feng et al. (10) to improve the accuracy (15). In addition, we found hole scattering of phonons to be negligible at the hole concentration of 7.6 × 10 18 cm −3 that we measured in the p-type BAs semiconductor sample (15).
Our calculated BAs k at 300 K including threephonon, four-phonon, and phonon-isotope scattering is 1260 W/m·K, about half that obtained without four-phonon scattering (2330 W/m·K) and about 10% smaller than that obtained by Feng et al. (10) . The BAs k that we calculated including only three-phonon and phonon-isotope scattering, k 3 (dashed black curve, Fig. 3 ), lies well above all measured data. The calculation including four-phonon scattering as well, k 3+4 (solid black curve), suppresses k and brings the calculated values close to the measured local high TDTR values (solid red circles). It also provides a strong temperature dependence, as previously found (10) . Importantly, the TDTR temperature behavior follows the temperature dependence of k 3+4 , which is stronger than that of k 3 . We fit the steady-state and TDTR data by including additional scattering from assumed point defects and grain boundaries (Fig. 3) (15) . Defect scattering mechanisms are typically much less sensitive to temperature change than phononphonon scattering, so increasing defect scattering to match the measured RT value weakens the temperature dependence of k. The large defect concentrations needed to match the magnitudes of the measured data when including only threephonon scattering cannot produce the steep observed temperature dependence (figs. S30 and S31) (15). In contrast, the best fit of k 3+4 is excellent for the steady-state data (fig. S19B) (15) and reasonably good for the TDTR data.
The comparison between the measurements and theoretical calculations provides strong evidence that BAs is distinct from other known high-k materials in achieving k through the phonon-band engineering concept and in having higher-order phonon-phonon interactions play such a large role. By breaking the conventional theoretical criteria, these findings have firmly established a different route to ultrahigh k and highlighted the rich physics of phonons. Our strategy for the growth of bulk BAs crystal is an important step toward implementation in future applications of BAs, which is now the only known semiconductor with a bandgap (20) comparable to silicon and an ultrahigh room-temperature thermal conductivity. The curve for x = 4.39 mm is shifted manually by +0.2 along the x axis so that it can be distinguished from the other curve. The inset shows the modulation of the Raman peak frequency of BAs at location x = 3.38 mm as a function of the cycle number during the first six cycles. (C) Temperature gradients (∇T) on the Si and BAs bars obtained from TC and Raman measurements. The ambient temperature was 308.9 K, and the heater power amplitude was 0.081 W. The TC measurement error bars include random uncertainties with 95% confidence and systematic uncertainty, and the Raman measurement error bars consist of random uncertainties from the signal-to-noise ratio and systematic error (15).
